Objective: To investigate the effect of acute hyperinsulinemia on the plasma levels of adrenomedullin (AM) in patients with type 2 diabetes mellitus. Design: We measured the plasma levels of AM in 18 patients with type 2 diabetes mellitus and in 19 normal subjects before and during a euglycemic hyperinsulinemic clamp study (the goal was for blood sugar levels of 5.24 mmol/l and insulin levels of 1200 pmol/l). Both plasma AM and serum insulin were measured by immunoradiometric assays. Results: Before the glucose clamp study there was no significant difference in the plasma levels of AM between patients with type 2 diabetes mellitus and normal subjects. During the glucose clamp study, the serum levels of insulin significantly increased (from 33:0^3:6 to 1344:6^67:8 pmol=ml; P , 0:001), as did the plasma levels of AM (from 12:8^0:7 to 14:2^0:9 fmol=ml; P , 0:03) only in patients with type 2 diabetes mellitus. There was a significant correlation between the change in circulating levels of insulin and AM ðr ¼ 0:755; P , 0:01Þ: Conclusions: Acute hyperinsulinemia induced a significant increase in the plasma levels of AM in patients with type 2 diabetes mellitus. Increased insulin may regulate circulating levels of AM in patients with type 2 diabetes mellitus.
Introduction
Adrenomedullin (AM), a potent vasodilator, has been reported to be expressed in several tissues including adrenal medulla, pancreatic islets, vascular smooth muscle and endothelial cells and to be present in human plasma (1 -3) . AM is a multifunctional peptide that inhibits insulin secretion from pancreatic islets; elevated plasma AM levels may cause b-cell dysfunction leading to hyperglycemia as observed in some cases of type 2 diabetes mellitus (4, 5) .
Increased expression of AM from vessels may be stimulated by hyperglycemia, interleukin-1, tumor necrosis factor-a and glucocorticoids (6 -8) . However, regulation of AM expression by insulin has not been fully clarified as yet. Recently Nagai et al. (9) reported that acute hyperinsulinemia exerts no influence on the plasma levels of AM in normal subjects (9) ; however, whether acute insulin infusion affects plasma AM levels in patients with type 2 diabetes mellitus remains unknown.
In the present study, we measured plasma levels of AM before and during acute hyperinsulinemia to examine the effect of insulin on the plasma levels of AM in patients with type 2 diabetes mellitus.
Subjects and methods

Subjects
This study comprised 18 patients with type 2 diabetes mellitus. Data obtained from 19 age-matched healthy subjects were used as the control (Table 1) . Body mass index (BMI) was calculated as the body weight (in kilograms) divided by the square of the height (in meters). The diagnosis of type 2 diabetes mellitus was established 4:4^1:1 years before the beginning of this study, and it was made according to the diagnostic criteria of the American Diabetes Association (ADA) (10) .
All patients with type 2 diabetes mellitus were treated with diet (1440 -1720 kcal/day) consisting of 20 energy percent (en%) protein, 25 en% fat and 55 en% carbohydrates and exercise therapy (walking 10 000 steps daily). Compliance with dietary therapy was checked by a dietitian once a month. None of the patients had evidence of microangiopathy or macroangiopathy. There were six patients with hypertension (blood pressure $ 140/90 mmHg) and six with hyperlipidemia (total cholesterol $ 220 mg/dl (5.7 mmol/l) or triglyceride $ 150 mg/dl (1.7 mmol/l)) and they were being treated with diet (sodium restriction 304 mmol/day) alone (11) . All subjects were nonsmokers. All of the healthy subjects presented a normal pattern according to the criteria of the ADA and none of them had hypertension, hyperlipidemia or a history of smoking.
Informed consent was obtained from all subjects before the beginning of the study.
Study protocol and methods
Several variables in blood samples, body fat distribution and blood pressure were evaluated in all subjects.
Acute hyperinsulinemia was induced during the euglycemic hyperinsulinemic clamp study using an artificial pancreas (STG-22; Nikkiso, Tokyo, Japan) (12) (13) (14) . After overnight bed rest, a priming dose of insulin (Humulin R; Shionogi Pharmaceuticals, Osaka, Japan) was administered at 0800 h, during the initial 10 min in a logarithmically decreasing manner to raise serum insulin to the desired level (1200 pmol/l) rapidly; this level was then maintained by continuous infusion of insulin at a rate of 13.44 pmol/kg per min for 120 min. Blood glucose was monitored continuously and maintained at the target clamp level (5.24 mmol/l) by infusing 10% glucose. The mean amount of glucose given during the last 30 min was considered to be the glucose infusion rate (GIR) and it was used as the index of peripheral insulin sensitivity. Venous blood was collected before and during the clamp study. After centrifugation, the plasma and serum samples were separated into small aliquots and then frozen at 2 20 8C until used.
AM in plasma samples was measured using a commercially available immunoradiometric assay kit (Shionogi Pharmaceuticals). Briefly, 100 ml standard or plasma samples, biotinylated anti-AM, 125 I-labeled AM antibody and one bead coated with anti-biotin antibody were placed in polystyrene tubes. Thereafter, the mixture was incubated at 4 8C for a further 20 h. After removal of the incubation mixture, the beads were washed twice with 2 ml distilled water and the radioactivity was measured with a gamma counter. The values of plasma AM levels were then extrapolated from a curve drawn using standard concentrations of AM. This assay showed no significant cross-reactivity with or interference by other factors related to AM (proadrenomedullin, amylin, neuropeptide Y, calcitonin and calcitonin gene-related peptide). The detection limit of this assay was 2 fmol/ml, and the intra-and interassay coefficients of variation were 7.0% and 6.9% respectively.
The plasma glucose level was measured by an automated enzymatic method. The hemoglobin A 1c (HbA1c) (normal value 4.3 -5.8%) was measured by high performance liquid chromatography. Serum levels of total cholesterol, triglyceride and high density lipoprotein (HDL) cholesterol were measured by enzymatic methods using an autoanalyzer (TBA60 M; Toshiba, Tokyo, Japan). Serum insulin was measured using an immunoradiometric assay kit (Insulin Riabead II kit; Dainabot, Tokyo, Japan). Briefly, insulin standards or serum samples were incubated in the presence of 125 I-labeled and unlabeled anti-human insulin mouse monoclonal antibodies at 20 8C for 2.5 h while shaking (200 r.p.m.). The tubes containing the mixture were then washed three times with 1 ml washing solution and the radioactivity was then counted. The radioactivity values were extrapolated from a curve drawn using standard concentrations of insulin. The intraand interassay coefficients of variation of the assay were 1.9% and 2.0% respectively. No significant crossreactivity or interference were observed between insulin and proinsulin, C-peptide, glucagon, secretin and gastrin-I. In addition, we measured blood pressure in patients who were supine and had rested for 5 min.
Body fat distribution was evaluated by a previously described method (15) . The intra-abdominal visceral fat and subcutaneous fat areas were measured in all subjects by abdominal computed tomography scanning taken at the umbilical level. Any intraperitoneal region having the same density as the subcutaneous fat layer was defined as a visceral fat area.
Statistical analysis
Data are expressed as the means^S.E.M. Comparisons between normal and type 2 diabetic subjects were made using the Mann -Whitney U test. Statistical difference between AM levels before and during clamp study was analysed by the paired t-test. The strength of correlation between variables was calculated using Spearman's rank correlation. Statistical analyses were carried out using the StatView IV software program for the Macintosh (Abacus Concepts, Berkeley, CA, USA). A P value , 0.05 was considered to be statistically significant.
Results
No significant differences were observed in the plasma levels of AM between type 2 diabetic patients and normal subjects (Table 1) . Plasma levels of AM in hypertensive patients with type 2 diabetes mellitus ð15:0^0:8 fmol=mlÞ were significantly increased as compared with normotensive patients (11.80 .7 fmol/ml, P , 0:03Þ: The BMI (hypertensive patients: 24:5^1:4; normotensive patients: 24:1^0:8), fasting plasma glucose levels (hypertensive patients: 8:0^0:8 mmol=l; normotensive patients: 8.90
.9 mmol/l), HbA1c (hypertensive patients: 8:9^0:9%; normotensive patients: 9:4^0:8%) and fasting serum insulin levels (hypertensive patients: 37:8^6:6 pmol=l; normotensive patients: 31:2^4:8 pmol=l) were not significantly different between hypertensive and normotensive diabetic patients. A significant positive correlation was observed between the plasma levels of AM and the systolic blood pressure only in type 2 diabetic patients ðr ¼ 0:736; P , 0:01Þ: The plasma levels of AM were not significantly correlated with the plasma levels of glucose ðr ¼ 0:161; P ¼ 0:547Þ; serum levels of insulin A significant increase in the plasma levels of AM was observed (from 12:8^0:7 to 14:2^0:9 fmol=ml; P , 0:03) (Fig. 1B) concomitantly with the increase in the blood concentrations of insulin (from 33:0^3:6 to 1344:6^67:8 fmol=ml; P , 0:0001). In normal subjects, no significant changes in the plasma AM levels (from 12:4^0:5 to 12:3^0:5 fmol=ml) were observed during the acute hyperinsulinemia (from 30:0^2:4 to 1295:4^45:6 pmol=ml; P , 0:0001) (Fig. 1A) .
There was a significant correlation between the change in serum levels of insulin and that in plasma levels of AM in patients with type 2 diabetes mellitus ðr ¼ 0:755; P , 0:01Þ (Fig. 2) . Changes in the plasma levels of AM were not significantly correlated with the fasting plasma levels of glucose ðr ¼ 0: 
Discussion
The present study showed that the plasma level of AM is elevated during acute hyperinsulinemia in patients with type 2 diabetes mellitus.
Sympathetic activation that occurs during acute hyperinsulinemia may increase AM from the adrenal medulla. Pancreatic islets may also be a source of AM; in this connection elevated levels of plasma AM have been reported in patients with insulinoma (3). Acute hyperinsulinemia may stimulate AM production from pancreatic islets. Although we did not evaluate the endothelial response during acute hyperinsulinemia, the increased blood levels of AM may compensate for the decreased vasodilatory effect of insulin in patients with type 2 diabetes mellitus (16 -18) . On the other hand, because AM may decrease insulin secretion, the increased levels of plasma AM may be an adaptive mechanism to decrease hyperinsulinemia (4). However, we found no significant correlation between the plasma levels of AM and fasting serum levels of insulin. It is conceivable that physiological fasting levels of insulin observed in our patients do not affect circulating AM. Further study is needed to clarify the source of plasma AM and the mechanism of its elevation during acute hyperinsulinemia.
Additional findings in the present study were the significant correlation between plasma levels of AM and systolic blood pressure in patients with type 2 diabetes mellitus, as well as increased plasma levels of AM in hypertensive patients with type 2 diabetes mellitus. There is not yet a clear explanation for these findings but it is possible that the increased plasma levels of AM play a protective role against arterial hypertension in type 2 diabetic patients.
It has been previously reported that the plasma levels of AM are increased in patients with type 2 diabetes mellitus (19) . However, Kinoshita et al. (20) and the present study found no significant elevation when the effect of nephropathy was excluded. Although hyperglycemia has been reported to increase vascular AM Figure 2 Correlation between changes in serum levels of insulin and in the plasma levels of AM in patients with type 2 diabetes mellitus. A significant positive correlation was observed ðr ¼ 0:755; P , 0:01Þ: expression (6) it may act only in the local vasculature and may not influence the circulating levels of AM. Differences in plasma levels of glucose (casual plasma glucose levels: 30:1^14:8 mmol=l (19) vs fasting plasma glucose levels: 7:3^0:3 mmol=l (20), or fasting plasma glucose levels: 8:7^0:7 mmol=l (present study)) may explain these discrepant findings.
In conclusion, acute hyperinsulinemia was associated with elevated circulating levels of AM in patients with type 2 diabetes mellitus. Increased insulin may regulate circulating AM levels in patients with type 2 diabetes mellitus.
